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Abstract
A introductory study of the electronic structure of 
various thiolate-containing(S4-2 and N2S2) Mo(Vl) model 
system compounds has been done by MCD and UV-Visible 
Spectroscopy. The MCD spectra of these two model systems is 
difficult to interpret for both spectra were rather absent of any 
identifiable features. The MCD spectra of both compounds gave 
rise to similar MCD terms that were more positively identified 
by comparison with UV-Visible spectra. Despite the difficulty 
in interpretting the MCD spectra, the spectra of both 
compounds seemed to be dominated by ligand to molybdenum 
charge transfer bands as well as ligand n - it* charge transfer 
bands. The hardness of the ligand in these compounds has 
been seen to play a role in shifting the charge transfer 
transition energies by UV-Visible spectroscopy. However, the 
MCD spectra fails to support this observed shift in transition 
energies due to the hardness of the ligand indicating the 
possibility of a solvent effect shift inc*ead.
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Introduction
Molybdenum has been found to be the only heavy 
second row transition metal that is biologically active and is 
required by a number of diverse organisms, including 
humans1. Particular interest has arisen in molybdenum- 
containing enzymes for some of these enzymes have been 
noted to partake in such important biological processes as 
nitrogen fixation and sulfite oxidation2. The interest in these 
specific Mo-containing enzymes has focused on elucidating the 
structure at the enzymatic sites to better understand their 
function. Due to both the difficulty in isolating these enzymes 
and their relatively unknown structures, model systems of 
these molybdoenzymes have been constructed by researchers 
in order to understand their electronic structure. EXAFS 
studies have implicated both sulfur and oxygen as ligand donor 
atoms in the coordination sphere of molybdenum3. Due to this 
fact, molybdenum complexes with oxo and thiolate ligands 
have been the subject of extensive research in order to provide 
accurate models for active sites on molybdenum containing 
enzymes. Recently, R%}agopalen and his associates4 elucidated 
the structure of a novel pterin by 14C labelling and subsequent 
x-ray analysis. This pterin, called molybdopterin, is believed 
to bind Mo thru two S atoms thus supporting the important 
role of sulfur in these molybdenum-containing 
systems4(Structure 1). The rather bulky structure of the 
ligands in this pterin has lead many authors to use sterically 
bulky ligands to possibly mimic this behavior3. The focus of 
this study has been the construction of Mo(VI) model systems 
with oxo and bulky thiolate ligands while attempting to
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to elucidate their electronic properties by MCD and UV*Visible 
spectroscopy.
A variety of techniques have been used by researchers 
to study the electronic properties of such model systems. The 
techniques of EPR, EXAFS, and magnetic susceptibility have 
been used widely in such studies6. However, in recent years, 
MCD(Magnetic Circular Dichroism) has been used more 
regularly in studying these model systems due to certain 
advantages it has over these technique techniques. MCD can 
be used to study both diamagnetic and paramagnetic centers 
while EPR is limited to paramagnetic systems6. EXAFS studies 
arc typically riddled with improper identification of elements
that He close together in the same periodic row whereas MCD is
a more quantitative method not relying on exact identification 
of specific elements6. Magnetic susceptibility studies are
useful when looking at the magnetic properties of the molecule
as a whole but break down when one wants to examine the
magnetic properties of individual centers within the molecule. 
In contrast, MCD has the ability to examine individual centers 
of a molecule6. For these reasons, MCD was used in this study 
to examine the electronic structure of these molybdoenzyme 
systems. In order to more clearly understand the advantages 
offered by MCD spectroscopy, the general theory of Magnetic 
Circular Dichroism must be addressed.
MCD, defined in the simplest terms, is the difference in 
the absorption of left circular polarized light(LCP) and right 
circularly polarized light(RCP) that propagates parallel to an 
applied magnetic field7. The instrumentation involved in MCD 
as well as the technique are very simple. A beam of light is 
created from xenon arc lamp, passed through a 
monochromator, and is subsequently linearly polarized(LP).
The LP light Men strikes a 1/4 waveplate which creates 
circular polarized(CP) light. The CP light is then focused onto 
the sample by a series of lenses. The sample sits in the middle 
of a split pair low-temperature superconducting magnet which 
supplies the external magnetic field. The incident CP light is 
then collected by a photomultiplier(detector) that is interfaced 
to a computer. The MCD spectra are then plotted as a 
difference in absorption(ALCP-ARCp) versus wavenumber7. 
Three major transitions occur in MCD each having it own 
characteristic shape which specifies a specific electronic 
transition. A review of these terms will now be undertaken.
An A term arises from a transition from a singlet ground 
state to a degenerate excited state7. Under the influence of the 
magnetic field, the excited state is split causing LCP light and 
RCP light to be absorbed differently(Figure la)8. The A term is 
characterized by a derivative-shaped curve and is temperature 
independent(Figure lb)8.
A B term is illustrative of mixing of the energy states 
involved in the transition under the influence of a magnetic 
field. This occurs when neither the ground state nor the 
excited state is split by the external field and is the reason all 
matter exhibits the Faraday effect6 All substances show a B 
term under the effect of a longitudinal magnetic field because 
the Faraday effect is universal. Alt compounds show a 
Zeeman-induced mixing of states to some extent.
A C term arises from a transition that occurs between a 
degenerate ground state and a usually nondegenerate excited 
state.7(Figure 2a)8. The C term is characterized by a 
absorption-like curve that is nearly Gaussian in shape(Figure 
2b)8. Due to the population difference in the two emitting
in  t mt# mihf.
Anodter m m  M i mm wise m a psuedo-zt term which is 
t» d *  C mm, Mis mm wises when there are 
transitions between die degenerate ground states and excited 
states created under the influence of a magnetic fieId(Fiywe 
3 a)7. The psuedo-A term shows a characteristic derivodee- 
ik e  onrve Mm that of Me Aterm(Figure 3b)8, hence the anme. 
^hstlhe die Aosow, the pemodo* A term shews a t< 
dependence due to the two emitting ground stoles
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Once tiM a MCD spectrum of a particular compound has 
been obtained, the information content of the spectrum can be 
divided into two areas: 1) form of the spectrum, an.; 2) Me 
form ef the temperature and magnetic field dependence of the 
spectrum. When referring to the £vm of die MCD spectrum, 
Mo frequency, sign, ami Intensities of Me peaks we examined 
to hatter identify the particular electronic transitions 
in Me second case, if the MCD spectrum shows any 
with any sort of temperature or magnetic field 
, the particular MCD term that peak is 
ive ef can be readily determined. While Me 
ef MCD has been presented as somewhat of an 
trtbiidiM with which to examine elec ironic 
It it moat oseftd when coopled with CV-VIs 
i i  order to provide a basis to make assignment in
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MUM IMe MCD, can supply eteeirenie transition information by 
dte pMieacc of dteotptten bands. However, this technique 
has several disadvantages as compared to MCD. Firstly, UV-Vis
spectroscopy has relatively low sensitivity(KH) as compared 
to MCD(10*7)8 meaning that a MCD signals that are three 
magnitudes smaller than those of UV-Visible can be detected. 
This allows MCD to detect small absorption bands that are 
hidden by larger bands that UV-Visible spectroscopy wouldn* 
be able to detect. Secondly, MCD provides additional selection 
rules relative to UV-Visible spectroscopy which simplify and 
clarify the process of assigning bands to specific electronic 
transitions. Despite the disadvantages of UV-Visible 
spectroscopy as compared to MCD, the use of UV-Visible 
spectroscopy provides a basis upon which to base the 
assignment of electronic transitions in MCD, particularly the 
more difficult ones. The coupling of these two techniques 
provides a good method for separating the lower energy 
metal(Mo) d-d* transitions from the higher energy, often 
hidden ligand-to-metal charge transfers bands8.
Experimental
A. Materials
Sodium molybdate dihydrate(Johnson and Matthey) was 
used without further purification. N, N'- 
dimethylethylenediamine, ethylene sulfide, 
tetrabutylammonium bromide, diethyldithiocarbamic acid, and 
dimethyldithiocarbamic acid were obtained from Aldrich and 
used without further purification. All solvents that were used 
were of analytical reagent grade and were distilled over the 
proper reagents.
B. Preparation of model systems
dimethy!dithiocarbamato)dioxomolybdenum(VI)lStructure 2|; 
lMo0 2 [(CH3>2NCS2 l2 l was prepared by using a procedure based 
on Moore and Larson9. A solution of sodium molybdate 
dihydrate(2.02g, 8.0mmol) and sodium N, N- 
dimethyldithiocarbamate dihydrate(2.98g, 17.0mmol) in 25ml 
of millipore water was slowly acidified w 1.2N HCI with 
constant stirring. A copious yellow precipitate was formed, 
filtered off on a medium glass fritte, washed with water, and 
dried over P2O5 . Yield: 2.80g, 7.6mmol, 91%. Anal. Calcd. for 
Mo0 2 l(CH3)2NCS2l2 l: C, 19.56; H, 3.28; N, 7.60; S, 34.82; Mo, 
26.04. Found: C, 19.46; H, 3.38; N, 7.72; S, 33.00; Mo. 26.67.
Bis(N, N-
diethyldithiocarbamato)dioxomolybdenum(VI)|Structure 3|; 
|Mo0 2 l(CH3CH2)2NCS2|2l was prepared using a modified 
procedure of Jowitt and Mitchell10. A solution of sodium
molybdate dihydrate(3.0g, 12.0mmol) and sodium N,N- 
diethyldithiocarbamate trihydrate(2.8g, 14.0mmol) was 
prepared in 12ml of millipore water. Sodium acetate(4.0g) was 
added to this solution as a pH buffer so as not to reduce the 
Mo(VI) species to its Mo(V) counterpart. The solution was 
titrated with 2M HCI until pH S.5 whereupon an orange-brown 
precipitate had formed. Double recrystallization in 
benzene/pet. ether yielded a yellow-orange solid. Yield: 4.02g, 
9.5mmol, 76%. Anal. Calcd. for Mo02|(CH3CH2)2NCS2l2: C, 28.30; 
H, 4.75; N, 6.60; S, 30.22; Mo, 22.63. Found: C, 28.26; H, 4.93;
N, 6.55; S, 29.37; Mo, 21.19.
Tetrabutylammoniumoctamolybdate(VI); |(n-C4H9)4N]4 |M o8 0 26 l 
was prepared using the procedure outlined by Klemperer et. 
a l11 with slight modifications. A solution of sodium molybdate 
dihydrate(5 .0g, 2 1 .0 mmol) in 12ml of water is acidified with 
6.0N HCI(5.17ml) adding dropwise over a period of l-2min. A 
solution of tetrabutylammonium bromide(3.34g, 10.4mmol) in 
10ml of water is added dropwise to this solution with vigorous 
stirring to form a white precipitate. This mixture is allowed to 
stir for 20-25 minutes to insure complete mixing and is then 
collected on a medium glass fritte. The precipitate is washed 
consecutively with 20ml of water, 20ml of ethanol, 20ml of 
acetone, and 20ml of diethyl ether. The crude product is 
dissolved in a minimum of acetonitrile and stored for 72hr in a 
freezer. Clear, block-shaped crystals formed, collected, and 
dried over P2O5 for 8 hr. Yield: 3.45g, t.62mmol, 62%. Anal. 
Calcd. for C64H144N4M08O26: C, 35.70; H, 6.74; N. 2.60; Mo, 35.64. 
Found: C, 35.84; H, 6.83; N, 2.62; Mo, 35.90.
N, N'- dimethyl-N, N'- bis(2- mercaptoethyl)-ethylenediamine; 
C8H 18N2S2 : was prepared using the method of Karlin and 
Lippard12 with slight modifications. Ethylene sulfide(8.37g, 
140.0mmol) suspended in Sml of benzene was added dropwise, 
by addition funnel, to a warm solution of N, N'- 
dimethylethylenediamine(6.13g, 70.0mmol) in 23ml of 
benzene. One must be careful to regulate the oil bath no 
greater than 30° C for ethylene sulfide boils at 33-36° C. Upon 
complete addition, the oil bath was removed and the solution 
was allowed to stir overnight. The solution was washed twice 
with 3ml of water and dried over MgS0 4 . The solution was 
vacuum-filtered and the benzene was removed by rotovap.
The last traces of benzene were removed under vacuum. Yield: 
9.26g, 43mmol, 64%. A TLC was done yielding one component 
on silica gel using methanol. Anal. Calcd. for C8H18N2S2: C,
46.56; H, 8.79; N, 13.58; S, 31.07. Found: C, 47.53; H, 9.56; N, 
12.82; S, 30.49.
Bis(N, N'- dimethyl- N, N'- bis(2-mercaptoethyl) 
ethylenediamine) dioxomolybdenum(VI)(Structure 4); 
[Mo02(CsHI6N2S2)] (M0O2L] was prepared by an improved 
method devised by Pickett et. al13 with a slight modification 
with a slight modification to the recrystallization portion. 
Tetrabutylammoniumoctamolybdate (2.0g, 0.8mmol) was 
dissolved in 50ml of hot methanol. The solution was allowed 
to cool to room temperature and then N, N'- dimethyl- N,.N- 
bis(2-mercaptoethyl)ethylenediamine(1.4g, 6.0mmol) was 
added dropwise forming an orange precipitate. This fine 
precipitate was filtered through a fine glass fritte and then was 
wash extensively with a 1:1 CH3OH solution. The crude product 
was then recrystallized in a mixed solvent system of
CH2CI2/CH3OH. It was discovered that the amount of. CH2CI2 
used to originally dissolve the crude product should be a 
minimum for the success of the recrystailization from a yield 
perspective was very dependent on this factor. Once crystals 
began to fall out of solution with the addition of ice-cold 
methanol, the solution was placed in a freezer at -10° C for 72 
hours to obtain good quality red-orange crystals. Yield: 2.0g, 
0.6mmol, 72%. Anal. Calcd. for M0O2L: C, 28.74; H, 5.43; N, 8.38; 
S, 19.18; Mo. 28.70. Found: C, 28.73; H, 5.43; N. 8.37; S, 19.05; 
Mo, 28.82.
C. UV-Visible Spectra
The instrument used to run the UV-Visible spectrum was 
a Varian 2300 Spectrophotometer. The samples were scanned 
in the range of 900nm-250nm which corresponds to the range 
used in the MCD spectra in wavenumbers! 11,111 cm*1 - 
40,000cm*l). The spectra of the dithiocarbamates 
(Mo02((CH3)2NCS2]2 and (Mo02[(CH3CH2)2NCS2|2 was run in 
CH 2CI2 while the spectra for M0O2L was run in chloroform. The 
crude spectra were digitized in order to put the UV-Visible 
spectra in a wavenumber scale so it could be more easily 
compared to the MCD spectra.
D. MCD Spectra
The MCD spectra were run on a home-made apparatus 
constructed by Dawn Sabei and Andy Gewirth. The actual 
procedure by which this instrument operates was referred to 
in the introduction, but can be more clearly seen in the 
flowchart in Figure 4. The main feature of this apparatus in 
the 7.2 Testa Oxford split pair superconducting magnet. A
sample rod with a sample compartment on the one end is 
placed down into the middle of this split pair magnet that 
supplies the external magnetic field. The whole system, 
including the magnet and the sample compartment, is cooled 
by both liquid nitrogen and liquid helium to attain a 
temperature of 4.2K. Each compound was run in a nujol mull. 
The whole system is interfaced to a Compaq 286 computer 
which allows the MCD spectra acquisition to be nearly fully 
computerized. The adjustment of such parameters as slit 
width, scanning ranges, etc. can be done from the computer 
interface making the data collection and spectra generation 
quite easy.
Discussion
A. Types of transitions
When looking at electronic transitions in molybdoenzyme 
systems, there are two sorts of transitions that may be present:
1) d - d* transitions and 2) charge transfer bands.
The d • d* transitions occur when an electron is 
transferred from one d orbital to another d orbital on the same 
metal center. For instance, in an octahedral field, this kind of 
transition would involve going from a low-energy t2g orbital to 
a higher energy eg orbital. Typically, these transitions are 
quite weak having a molar absorptivity on the order of 10'2 • 
102 appearing at low energy14.
Charge transfer bands appear in two different types: 1) 
ligand-to-metal charge transfer(LMCT) and 2) metal-to-ligand 
charge transfer(MLCT). The former occurs when an electron 
from a filled ligand orbital goes to an empty d orbital of the 
metal center14. The latter occurs when an electron travels 
from a filled d orbital of the metal center to an empty ligand 
orbital. Charge transfer bands are typically quite strongCmolar 
absorptivity * 103 • 106) compared to d - d* transitions and 
some charge transfer bands shift depending on the solvent 
used to take the particular spectra14.
This study deals with specifically Mo(VI) compounds 
which are d°(having no d electrons) and we would expect only 
charge transfer bands. The charge transfer bands seen in 
these spectra would be ligand to metal due to the fact the 
ligand p orbitals are filled and could donate an electron to the 
empty d orbitals of the molybdenum.
B. MCD Selection Rules
In order to identify transitions seen in the MCD spectra, 
MCD selection rules were used to predict the allowed electronic 
transitions as well as to assign signs, in some cases, to terms 
that would be expected to arise in the MCD spectra of these 
model systems. In a very general sense, allowed transitions in 
MCD and UV-Vis occur when:
< gs I op I es > 6 where
gssground state 
op=elecironic dipole operator 
es=excited state
In irreducible representation notation, the former expression is 
written as:
r 8.*Top*re* \  0, but = Ai (Eqtn. 1)
The ground state for the molybdoenzyme systems for this 
study were 1A i and all transitions were calculated from this 
ground state. This is due to the fact that all the ligand orbitals 
are completely filled thus giving a net spin of 0. This quantity 
is inserted into the spin multiplicity equation of 2S+1 giving a 
singlet state.
In order to determine the allowed electronic transitions, 
the symmetry point group of the molecule must be known.
The dithiocarbamate systems were assumed to have C4v point 
group symmetry and the allowed transitions were first 
calculated using this idealized symmetry point group.
However, there are features of this complex which lower the 
symmetry from the idealized C4v. The main feature is the fact
that the two oxygen groups of these compounds have been 
shown to be cis to each other9*10 by x-ray determination. The 
dithiocarbamate compounds can be rationalized to have a C2v 
point group symmetry based on this fact and this case was also 
examined. M0O2L can only be considered to have a C2 
symmetry due to the fact that two nitrogens and two sulfurs 
are coordinated to the molybdenum center, thus eliminating 
the C4 axis that is present in the dithiocarbamate 
molybdenum(VI) complexes. With such a low point group 
symmetry, it becomes difficult to assign allowed electronic 
transitions.
In addition to looking at the allowed transitions, double 
group calculations are usually done in order to incorporate 
spin-orbit coupling. The irreducible representations that can 
be obtained can provide information about signs of terms and 
even identify specific terms. However, these d° compounds 
have all spins paired and thus spin-orbit coupling doesn't occur 
and thus doesn't have to be accounted for by double-group 
calculations.
C. Allowed Transitions in Molybdenum(VI) 
dithiocarbamates
The two dithiocarbamate models that were examined in 
this study have been shown to have a cis arrangement of 
oxygen atoms by many authors9*10 as mentioned previously. 
This structure is not represented by the idealized structures 
depicted in Structure 2 and Structure 3. Despite this 
configuration, a structure adhering to that of C4v was assigned 
for simplicity sake. Prom the character table the following five 
possible transitions in C4 v can be hypothesized1:
*A i— -> 
A 1 — > 
A 1 — > 
A i ——> 
A i— >
The electronic dipole operators in C4v are ai(p?.) and e(px, py) 
which upon being inserted into the above equation for allowed 
transitions in MCD giving the following allowed electronic 
dipole transitions:
Double group calculations were done in order to obtain 
irreducible representations that could help predict the sign of 
the: ansitions. These calculations take the empirical form of
Tss * r «  = rprod The irreducible representations that were 
obtained are F i and T s .
The MCD selections rules equation 1 were used to 
calculate the allowed electronic transitions of the 
dithiocarbamates in C2v and are as follows:
The degenerate E state that was seen in the C4v case has now 
been split into a B1 and B2 state in the lower symmetry 
conditions of C2v. This lowering of symmetry may provide help
AI— > AI (x polarized) 
AI—-> B1 (y polarized) 
A I—  > B2 (z polarized)
in assigning signs and terms in ibe MCD spectra of the 
dithiocarbamates.
D. Predicted Transitions and signs of terms for M0O2L
M0O 2L, unlike the dithiocarbamates, has a lower 
symmetry group due to die fact that two nitrogens are bonded 
to the molybdenum center in place of two sutfurs. instead of 
having a C*v or O v  symmetry, this compound has a C2 
symmetry group. This group constate of just a 2-fold rotation 
axis and there exist only two stains, AfTOand B(T2), thus 
there are only two possible transitions:
H — -> Ti
r t —-> r 2
Thus, if the electronic dipole operators, A(Tt) z-polarized and 
B(T2) x, y-petarized, are applied to these two transitions, both 
are electronically allowed in theory.
allowed e.t. representation product
rt-—> n  n  * n  rt
r t — > n  n * r 2 r 2
In such a low symmetry group as C2, it is nearly
impossible to make predictions about signs of possible terms,
as mentioned before, due to the fact that only higher 
symmetry group character tables, such as C*v and C4\ allow 
such predictions to be made. The fact that this compound is 
also d° , like the dithiocarbamates, rules out using double 
group calculations to account for spin-orbit coupling to predict 
signs and possible terms. In the case of M0O2L, the
examination of the MCD spectra will provide both the sign and 
terms that can not be predicted theoretically.
Results and Interpretation of Spectra
A. Interpretation of UV-Visible Spectra
1. Dithiocarbamate molybdenum(VI) compounds 
The UV-Visible spectra of the dimethyl and diethyl 
dithiocarbamates are remarkably similar as one might 
expect(Spectrum 1 and Spectrum 2). Each shows two 
absorptions bands and the relative locations of these 
absorptions agree quite well. A rather weak peak(Band I) is 
seen in both spectra around 26,500 cm*1 as well as a 
peak(Band 2) on a shoulder at about 34,000 cm*1. The 
differences in the locations of these peaks in the two spectra 
can be seen by comparing Spectrum 1 and Spectrum 2 and 
these results are summarized below:
cmpd. Band 1 (cm*1) Band 2 (cm*1)
Medtc 26,667 34,483
Etdtc 26,525 33,333
The first peak(Band 1) has been documented before by Moore 
and Larson9 at nearly an identical location whereas the second 
higher energy peak(Band 2) was not mentioned. However, 
Moore and Rice15, in a later study, noted absorption bands in 
both of these regions for both compounds. They also noted an 
absorption in the methyldithiocarbamate(Spectrum 1) at 
approximately 39,500 cm*1 and an absorption peak at 39,300 
cm*1 in the ethyldithiocarbamate case(Spectrum 2)15. These 
bands would not be expected to be seen in this study due to 
the fact that the solvent used(CH2Cl2) begins to absorb UV- 
Visible light at about 260nm(38,461 cm*1). The extinction
coefficients were calculated in order to assign the transitions 
these bands represent. Using Beer's Law,
cmpd. Band 1 (1/M cm) Band 2 (1/M cm)
Medtc 3,828 4,020
Etdtc 3,744 3,965
The extinction coefficients for both compounds are in 
agreement with those calculated by Moore and Rice15 using 
slightly different solvents. The significance of these absorption 
peaks will not be discussed here but will be addressed in 
compilation with the MCO spectra in the next section.
B. M0O2L
The UV-Visible spectrum of this compound is quite 
similar to the two dithiocarbamate molybdenum(VI) 
compounds discussed above. Again, two absorption peaks are 
seen. Band 1 occurring at about 27,930 cm*1 while Band 2 
appeared at approximately 36,000 cm*1 (Spectrum 3). Stiefel 
and associates15 reported absorption bands at 27,200 cm- 
1(3,130) and 34,300 cm-l(5,130) in acetonitrile. There 
appears to be somewhat of a discrepancy in the location of the 
second band, possibly due to solvent effects. The extinction 
coefficients for the two absorption bands observed were 
calculated using Beer's law:
cmpd. Peak 1 (1/M cm) Peak2(l/M cm)
MoQzL 5,023 5,056
The discrepancies seen in both the energies of the 
absorption bands and the extinction coefficients can be 
rationalized by solvent differences, but will not be discussed at 
this time. The large extinction coefficients of these two 
absorption peaks are indicative of charge-transfer bands(E = 
1,000 • 50,000 1/M cm*1) and can be attributed to these 
electronic transitions from a quantitative standpoint14.
Careful coupling of the UV-Visible spectral data with the MCD 
information may provide a more accurate assignment of these 
transitions.
B. Analysis of MCD spectra
The study of the electronic structure of molybdoenzyme 
systems has been carried out for the most part using UV- 
Visible spectroscopy. The primary focus has been on d1 
molybdenum(V) oxyhalides17*18' 19 as well as the d° 
tetrachloro-oxo-molybdenum(VI) complexes investigated by 
Levanson and associates20. MCD studies were done on a series 
of molybdenum(V) oxyhalide compounds recently21.
The interest in the electronic structure of molybdenum- 
oxo-sulfur containing compounds has increased greatly in the 
past decade since sulfur was implicated as playing an 
important role in the molybdenum cofactor3. The considerable 
attention that these compounds have received22'23*24 has been 
by the use of UV-Visible spectroscopy as well as some 
CD(Circular Dichroism). The use of MCD is the study of Mo(VI) 
thiolate-containing compounds may shed some light on 
previously ambiguous or unknown electronic transitions.
1. MCD spectra of Mo(Vl) diethyldithiocarbamate
The electronic structure of the moiybdenum(Vf) 
dithiocarbamates were first addressed by Moore and Rice1 5 
and has been subsequently studied by a number of 
authors9' 10'26. Although this class of compounds has received 
considerable attention, there still exist discrepancies in the 
electronic transition assignments.
The principle disagreement has arisen over the 
assignment of a charge transfer band that occurs at 
approximately 26,000 cm '1. Moore and Rice13 assigned this 
charge transfer band to a ligand S->Mo transition and found
possible 0->Mo charge transfer bands to be at higher energy 
which has been supported by numerous other authors9*24. 
However, Newton and associates23 studied Mo(V) 
dithiocarbamates and noted that the molar absorptivity of the 
band at 380nm(approx. 26,000 cm*1) was a direct function of 
the number of oxo ligands per Mo atom. This absorption band 
was assigned to a 0->Mo charge transfer band. The other 
absorption peaks in the dithiocarbamate spectra have not 
really been addressed, so MCD may help clarify these 
transitions and make valid assignments.
The diethyldithiocarbamate MCD spectrum(Spectrum 4) 
is quite noisy and thus is difficult to interpret. There appears 
to be an absorption-like curve 12,000 cm*1 and 16,000 cm* 
'(Band 1). Such a shape would be indicative of a B term but 
this assignment is very unlikely for these terms are generally 
very weak and not readily discemable. Also, MCD terms or 
even absorptions at such low energy are typically assigned to d 
- d* transitions which can not take place in this do compound.
At 20,000 cm*' to 30,000 cm*', there is a negative 
absorption-like curve with a peak minimum at about 26,000 
cm*'(Band 2). It is unlikely such a strong transition is a B 
term, but an absorption maximum in the UV-Visible 
spectra(Spectrum 2) is at 26,323 cm*' supports the fact that a 
transition is present in this region. The electronically allowed 
transitions for this compound are 'A -> 'E  and 'A -> 'A , the first 
indicative of an A term while the second would appear as a B 
term. A molecular orbital diagram based on Levanson20 was 
constructed incorporating the more electronegative S atoms 
into positions formerly occupied by Cl atoms. The validity of 
this assumption was checked by calculating the irreducible 
representations for both the sulfur px and po in the C4v case.
The contributing orbitals were found to ordered similar to 
those of MoOCi4‘, essentially giving the same MO diagram. Due 
to the fact the the sulfur pit nonbonding orbitals lie closest in 
energy to the empty d orbitals, a charge transfer would be 
expected between the sulfur and molybdenum orbitals. The b2 
metal orbital is assumed to be the lowest in energy in this 
model as Levanson20 determined this and all charge transfers 
would be rationalized as going into this orbital. The only 
electronically allowed transitions can be a 5e(S pn)-->b2(Mo) 
and 4e(S pn)-->b2(Mo). Both of these transitions give rise to an 
1E state which would be indicative of an A term. The shape of 
this curve is due to the fact that both of these transi'ions occur 
at slight different energies(5e<4e) and the A terms overlap to 
give an absorption-like curve. This is assuming that the 4e(S) 
and the b2 are close enough in energy to get charge transfer 
transitions. A charge transfer transition from the 2e(0) to the 
b2(Mo) is unlikely at such low energy for the oxygen p orbitals 
are below the S p orbitals in a hypothetical energy chart based 
on Levanson20.
The next distinguishable term that appears in the 
diethyidithiocarbamate Mo(VI) MCD spectra is a more 
characteristic derivative-shaped A term that ranges from 
about 28,000 cm*1 to almost 34,000 cm-'(Band 3)(Spectrum 4). 
Hits term overlaps somewhat with the S->Mo charge transfer 
bands identified at lower energy and has an inflection point at 
approximately 32,000 cm-'. The UV-Visibie absorption peak 
at 32,300 cm-' lines up exactly with the inflection point 
supporting the assignment of this term as an A term(Spectrum
2). The fact that Oils term lies at somewhat higher energy 
than the S->Mo charge transfer transitions leaves its 
assignment two distinct possibilities: 1) ligand (px-pn*) charge
transfer or 2) 2e(0 p*)->b2(Mo). The former of these two 
choices is the more likely transition based on previous 
studies15'20. Moore and Rice15 noted that 0->Mo charge 
transfers in molybdenum(V) dithiocarbamates occur at 53,000 
cm '1 which is considerably off the scale of the MCD spectra 
recorded in this study. In addition, Shankaranarayana26, in his 
study of dithiocarbamic acids, concluded that intense bands 
see* in the UV-Visible spectra at low energy were do to n ■> n* 
transitions which is a characteristic feature of a N-C=S group. 
This result leads to the conclusion that this charge transfer 
band is probably due to ligand tt-jt* charge transfer which 
presumably takes place between two sulfur p orbitals. 
Obviously the states involved must lead to an 1E state as the 
excited state, but the details of this transition go beyond the 
scope of this study and won't be discussed here.
The last portion of the dithiocarbamate MCD 
spectrumf Spectrum 4) goes very negative at about 34,000 cnr 
1 and continues that way until the end of the scan at 40,000 
cm'tfftand 4). The baseline spectrum(Spectrum 5) and CD 
spectrum(Spectrum 6) were plotted separately in order to 
possible elucidate this region more clearly. The UV-Visible 
spectrum becomes unreliable in this region due to the fact that 
the selvent(CH2Cl2) begins to absorb in this region. The MCD 
spectrum would have to be expanded to a higher energy as 
well as running the UV-Visible spectrum in a lower 
wavelength absorbing solvent to make any sort of accurate 
assignments in this region of the spectrum.
26
2. MCD spectra of M0O2L
The study of the electronic structure of sulfur and 
nitrogen containing ligands complexes to molybdenum centers 
began with the synthesis of the first saturated nitrogen and 
thiolate containing ligand by Karlin and Lippard12. A wide 
range of interest in such N2S 2 donor set systems particularly 
by Zubieta and associates13. Due to the low symmetry point 
group displayed by this molecule, a purely quantitative 
analysis of the MCD spectra of M0O2L will be made first 
followed by a comparison between the two compounds in 
relation to the different ligands and their apparent effects on 
charge transfer bands.
The region of the MCD spectrum of Mo02L(Spectra 7) 
from 12,000 cm’1 to 16,000 cnHfBand I) appears to have 
somewhat of a slight absorption-like shape to it similar to the 
dithiocarbamale case. Comparison to the UV-Visible spectrum 
as well as to the baseline spectrum(Spectrum 8) and the CD 
spectrumfSpectrum 9) can provide no positive assignment for 
this region. It is feasible, as suggested before, that there is 
some of the Mo(V) dimer floating around giving d - d* 
transitions at low energies, but this cap not be for certain.
A very broad A term can be visualized as being 
discernable from 20,000 cm’1 to SfhOQOcnv1 w|jh ap inflection 
point around 26,000 cm*1 (Hand 2). However, the UV-VisIble 
spectrum peak appears at about 27,950 c m 1 which Is a 
considerable way off considering if should fine Up with the 
inflection point of the A term this term has a more 
sinusoidal shape than seep ip the diibioearbamate case 
indicating the strong possibility that thU term arises from only
one S->Mo charge transfer transition. This can be rationalized 
by the fact that only one sulfur px e orbital(4e) would be 
available to donate electrons to the b2(Mo) orbital due to the 
fact that there are only two S atoms now bonded to the Mo 
center. The nitrogen pit orbitals lie lower in energyffarther 
away from Mo d orbitals) than the sulfur p orbitals and thus a 
N->Mo charge transfer transition would be expected to occur at 
higher energy than S->Mo but lower than 0->Mo charge 
transfers.
The region in Me MCD from 32,000 cm*1 to 40,000 cm*1, 
like that of the dithiocarbamate, is difficult to interpret(Band
3). Again, an inflection point is seen at 32,000 cm*1 indicative 
of a possible A term(Spectrum 7). The absorption maximum 
of this corresponding inflection point is at about 36,000 cm*1 
which is almost 4,000 cm*1 away. This discrepancy in the two 
spectra will be addressed in the comparative portion.
The MCD spectra of M0O2L also goes extremely positive 
in the region of 32,000 cm*1 to 40,000 cm*1 (Band 4). It can be 
speculated that the rest of the A term centered around the 
inflection point is buried in this positive peak. This large 
positive peak can't inherently be a B term for it is the most 
intense signal seen in the spectrum making this assignment 
very unlikely. The UV-Visble spectrum(Spectrum 3) leads to 
no further conclusions in this region of the MCD spectrum.
Only by a further examination of both the UV-Visible spectrum 
and MCD spectrum at higher energy can a possible transition in 
this region be discerned.
From a quantitative comparison standpoint, the 
similarities and differences in the spectra of these two Mo(Vi) 
compounds give rise to some hypothetical propositions. The 
dithiocarbamats MCD spectrum(Spectrum 4) is quite noisy and
the terms are somewhat discemable due to the dramatic 
changes seen in the ellipticity scale. However, the features 
found in the M0O2L MCD spectrum(Spectrum 7) has very little 
noise in comparison and doesn't show the dramatic changes in 
ellipticity seen in the dithiocarbamate case. These changes in 
the overall features of the two spectra are likely to be due to 
the ligand(s) bonded to the M0O2+ group. The differences seen 
in these spectra may be due to the hardness dithiocarbamate 
ligand compared to the ligand of M0O2L.
The difference in the hardness of the ligands appears to 
have an effect on the location of the charge transfer transition 
energies as shown by the UV-Visible spectra, but not 
supported in turn by the MCD. Klingman21 , in his study of 
M0 OX4- compounds by MCD, noted seeing a shift in halide to 
metal charge transfer bands in the MCD spectra to lower 
energies when a softer ligand was used(Br) as compared to Cl. 
In this study, the dithiocarbamate ligand would be rationalized 
to be the softer ligand compared the ligand N2S2of M0O2L due 
to the presence of N atomsfharder than S) bonded directly to 
Mo. The UV-Visible spectra of these two compounds is 
remarkably similar except the two absorption bands for the 
M0 O2L are displaced 2,000 cm*l(Band 2 )and 4,000 cm*1 (Band 
3) to higher energy (Spectrum 3) as compared to the 
dithiocarbamate case(Spectrum 2). This would be expected for 
the ditbiocarbamate(softer ligand) compounds for the 
transitions appear to occur at lower energy than those 
hypothesized for M0O2L. However, this shift in energy of the 
ttwsMons is not seen in the MCD spectra for the few 
discernable features of either spectra occur at the same 
location(Spectrum 4 and Spectrum 7). The quality of the 
spectra is somewhat poor and a problem in instrumentation
may be involved to account for this discrepancy. The 
possibility of a solvent effect shift can not be ruled out due to 
the fact that the second peak in the M0O2L is shifted quite far 
up to a higher energy in chloroform while the 
dithiocarbamates were run in methylene chloride. An 
experiment could be run using a range of solvents from 
nonpolar to polar in order to distinguish whether or not this is 
indeed a solvent effect while at the same time confirm the 
assignment of a ligand pn->pn* by shifting to lower energy.
Also, the reason why there is a relative reversal of the features 
in the spectra may be due to the particular ligands used in this 
study, but a more in depth study of similar compounds may 
provide the answer to this observation.
The MCD spectra of these compounds are quite poor and 
make the assignments rather difficult. In the future, possible 
elimination of noise in the dithiocarbamate case as well as and 
increasing the gain in the M0O2L case might provide a better 
basis for assignment of electronic transitions using MCD.
Conclusion
The analysis of Mo(VI) thiolate-containing compounds by 
MCD was less than conclusive in making definite electronic 
transition assignments. It appears as though the MCD spectra 
of both the molybdenum(VI) diethyldithiocarbamate and 
M0 O2L are dominated by lower energy ligand(S) to 
molybdenum charge transfer bands and at slightly higher 
energies ligand px-x* charge transfer bands. Absorption-like 
curves were noted at very low energyf 12,000 cm*1 to 16,000 
cm -')  in the MCD spectra yet the actual nature of these signals 
could not be concluded from this study. The MCD spectra have 
been determined to be dominated by A terms, but the 
characteristic derivative shape of this term is difficult to see 
due to the rather crude and noisy nature of the MCD spectra for 
these two compounds.
The UV-Visible spectra proved to be instrumental in 
assigning both terms and transitions in the MCD due to the poor 
quality spectra obtained. S-->Mo charge transfer bands have 
been identified in both spectra at about 26,000 cm '1. The 
previous assignment of a 0->M o charge transfer by Newton 
and associates23 seems to be proven invalid by this study. A 
more defined broad A term was seen in the M0O2L case where 
only a single S-->Mo charge transfer band could be 
hypothesized unlike the dithiocarbamate case in which 
overlapping A termsftwo S->Mo charge transfer bands) were 
rationalized. The inflection point seen in each MCD spectra was 
assigned to an A term due to a charge transfer transition 
between a ligand px and px* orbitals leading to an 'E  excited 
state. Support for this assignment lies in the shift in the UV- 
Visible spectra of the two compounds using different 
solventsfsolvent effect shift). The high energy region from 
32,000 cm*1 to 40,000 cm-* is not readily discernable, but the 
fact that one compound(dithiocarbamate) goes extremely 
negative while M0O2L goes extremely positive could have 
possible implications that are not obvious at this time.
The effect of the hardness of the ligand with relation to 
the charge transfer transition energies yielded nothing real
definite. Although a general shift to higher energy was seen in 
the case of Mo02L(having harder ligand) was seen in the UV- 
Visible spectra as compared to the dithiocarbamate(softer 
ligand), the largest shift seen was in the A term assigned to the 
ligand pit to pa* charge transfer whose energy would be 
expected to be solvent dependant. The MCD does not support 
this hypothesis and thus this shift will be labelled as a 
probable solvent effect until further studies look at these 
effects(solvent and hardness of ligand) more closely.
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